Abstract. A multi-step numerical approach is used to analyze the efficiency of an ionfunnel to transport ions over a wide range of m/z. A continuum approach based on the solution of the Navier-Stokes equations is applied to model the gas flow through a capillary connecting the atmospheric and subatmospheric sections of a mass spectrometer. A microscopic, fully kinetic approach based on the solution of the Boltzmann equation is used to examine the ion and gas transport through an ionfunnel kept at a 0.1-3 Torr pressure to the quadrupole section kept at a 0.01 Torr pressure. In addition to aerodynamic drag, the developed approach takes into account the combined effect of the DC field driving the ions downstream toward the funnel exit, the rf field confining the ions in radial direction, and the space charge causing ion repulsion. The sensitivity of the ion transmission to the gas pressure in the ion-funnel, the rf, and the total ion current injected to the funnel from capillary nozzle is shown.
Introduction

I
ncreasing the transmission of ions from an atmospheric pressure ionization (API) source to the mass analyzer is indispensable for reducing the time necessary to obtain quantitative measurements and for improving the dynamic range of the mass analysis. A significant loss of ions in mass spectrometers equipped with API sources takes place in the differentially pumped sections downstream of capillary inlet. In these sections, separated from each other by orifices (conductance limits), the gas pressure sequentially drops from subatmospheric to a low vacuum. The ability to accurately model the ion transport through subatmospheric and low-vacuum sections of a mass spectrometer, which is influenced by interaction with a background gas flow, electrical fields, and considerable space charge, allows finding new approaches not only to improve the transport efficiency but also to choose conditions that exclude excessive collisional heating and fragmentation of the most labile ions caused by interactions with DC and rf fields. To understand a complex pattern of ion loss in different sections of mass spectrometers, it is necessary to bring into consideration realistic models for the ion transport [1] [2] [3] [4] [5] . Among other parameters, these models should take into account a high velocity gas flow in the subatmospheric section that drags the ions to the downstream section kept at much lower pressure. The gas pressure in the mass spectrometer rapidly drops by orders of magnitude, causing a change in the gas-flow regime from nearly inviscid in the atmospheric chamber to viscous in the subatmospheric chamber, and finally to free molecular in the low-vacuum section. This change in the flow regime has an immediate effect on the drag force exerted to the ions. In turn, it also affects the choice of means to provide an unimpeded passage of ions through the subatmospheric to the highvacuum sections.
The conventional approach used to limit the gas flow into high vacuum sections of a mass spectrometer is to place a conical skimmer in the subatmospheric pressure (0.5-2 Torr) section that takes the gas from atmosphere through a flow restrictor, typically a heated capillary [6] . The ion loss at the skimmer occurs because only a small fraction of ions entrained into the expanding jet are sampled by the small (<1 mm in diameter) skimmer aperture [3] . To avoid the contamination of the downstream sections by micro-and nanodroplets produced by API sources (e.g., electrospray sources), the skimmer is often placed off the capillary axis. Such an off-axis positioning of the skimmer adds to the loss of the analyte ions.
Over the last two decades, electrodynamic ion-funnels [7] , including those with jet disruptors [8] , were developed to replace the skimmer and to reduce the ion loss in the lowpressure region downstream of the capillary. The funnel, similarly to the skimmer, reduces the gas load to the downstream sections of the mass spectrometer, yet provides much better ion transmission. Typically, an rf funnel operates along with an electrospray ion source, where charged particles are injected into the funnel through a large bore (up to 1 mm i.d.) heated capillary or an array of narrow-bore (~0.5 mm i.d.) heated capillaries [9] . The electrospray ion source, even working in a nanoflow regime [10] (30-400 nL/min), generating electrical currents that can reach~100 nA [11] . When the MS inlet comprises a large-bore capillary or an array of narrow-bore capillaries, a significant fraction (10%-20%) of this current survives the passage through the capillary and enters the funnel as individual ions [12] . Given this and because of a considerable influence of space charge on the motion of ions inside the funnel, the design of the latter should be optimized for an efficient transmission of high-density ion flux. This will require the proper selection of funnel parameters, such as the geometry, gas pressure, gas flow, as well as the rf and DC fields.
Recently, an rf-only funnel (fair-wind funnel) has been proposed and described in detail [13, 14] . In an rf-only funnel, gas flowing from the nozzle through the ion-funnel drags ions into the downstream section while an applied rf field creates a potential for radial confinement of the ions. This method was originally designed to extract heavy atomic ions from a highpressure chamber filled with noble buffer gases. The efficient operation of the rf-only funnel, at least for ions with low m/z ratios, indicates that neglecting the effect of gas flow in the ion transport modeling, such as considering funnels with still gas [15, 16] , can yield biased ion transmission numbers. The presence of strong aerodynamic drag can directly affect design approaches aimed to reduce the contamination of the downstream sections, for instance, placing the capillary off the funnel axis versus using the jet disruptor. Therefore, funnel design for many focused applications (narrow mass versus broad mass range, single ions versus dense ion flux, dropletcontaminated flow versus pure ionic plume, etc.) requires a realistic modeling approach that yields information on the relative strength of various components of the force that pushes the ions towards the funnel exit, particularly the gas flow drag versus the applied DC-field.
Ions arrive at the ion-funnel after traversing and being expelled, along with a hypersonic air jet, from the throat of a heated capillary into the ion-funnel's low-pressure chamber. The velocities of the ions at the capillary nozzle are mostly determined by the parameters of the heated capillary and the background pressure in the funnel, which is typically kept in the range of a few Torr. After being discharged from the capillary nozzle, the ions decelerate and gradually spread in the radial direction because of space charge, gas flow drag, and gas-phase diffusion. The flow regime under these conditions is referred to as transitional, from continuum to free molecular. Neither continuum formulation, such as one based on the Navier-Stokes equations [17] nor free molecular, such as test particle methods [18] , are applicable to compute gas flows in the transitional regime. Numerical analysis in this case requires the use of a kinetic approach. This brings into consideration the Boltzmann equation, the fundamental equation of the kinetic gas theory and that which properly accounts for nonequilibrium conditions [19] .
The numerical complexity and high computational cost of a three-dimensional solution of the Boltzmann equation are the main reasons for its infrequent application to compute ion transport through subatmospheric interfaces. Because a deterministic approach to the solution of the Boltzmann equation (e.g., its numerical integration) for multidimensional flows is prohibitively expensive in a computational sense, the only feasible way to solve it is statistical, based on the direct simulation Monte Carlo (DSMC) method [20] . In the past, the DSMC method was applied to compute ion transport in ICP-MS interface [21] , to examine the gas flow inside an ion-funnel [22, 23] , and to model gas flow from a capillary into a skimmer [5, 24] . In the latter case, a two-dimensional setup was used with uniform flow approximation at the capillary exit; yet, the calculations of ion trajectories were not presented. The more realistic approaches used to calculate the ion transport in funnels [3, 22, 23] comprised three steps: first, the flow parameters were obtained from Navier-Stokes modeling of gas flow inside the capillary and in the plume near field, then, flow parameters calculated at some preselected surface outside the nozzle were used as the boundary conditions for the DSMC field; in the second step, the DSMC flow field throughout the interior volume of the ion-funnel was computed; the third step was to track particles within the funnel by utilizing both the DSMC flow solution and electric fields, the latter being calculated using SIMION [25] or the AC/DC module from COMSOL modeling software (COMSOL Multiphysics, Burlington, MA, USA) [3] .
Recently, the multi-step approach was applied to compute the ion transport through a nozzle-skimmer interface [3, 26] . An important aspect of that study was the implementation, the first of its kind, of a three-dimensional simulation that utilized a kinetic approach to self-consistently model the ion and gas transport in the inlet, subatmospheric, and low-vacuum sections of the MS system. The 3D modeling allowed the authors to account for the radial offset between the capillary and the skimmer. CFD++ software package [27] was utilized to model the gas flow inside the capillary and the plume near field. A hand-off starting surface was selected at the M = 3 isosurface, which provided flow parameters for the subsequent DSMC modeling. The turbulence inside the capillary was shown to cause only a small change in gas parameters near the capillary exit. The 3D finite-element solver COMSOL was used to calculate the rf and DC electric fields in the funnel and related electric force term in the Boltzmann equation. A DSMC solver, SMILE, validated in a number of multidimensional problems [28] , was used to calculate both gas and ion-gas transport by numerically solving the Boltzmann equation with the force terms determined by aerodynamic drag and time-dependent electric field.
In this work, we extend the numerical approach developed and validated previously [3] to include the ion space charge effect and apply it to analyze the ion transport through an ionfunnel. The effects of gas pressure and rf on ion transmission are modeled for ions of different mass, charge, and collisional cross section.
Flow Conditions and Numerical Method
In the electrospray system under consideration, the ions are formed inside a heated capillary connecting the atmospheric and the subatmospheric chambers, either through the charge residue or ion evaporation mechanisms [29] , and then move through the capillary toward its outlet. Ions will be tracked only after leaving the capillary. The capillary has an inner diameter of 0.5 mm and a total length of 100 mm. It is uniformly heated to 500 K in order to provide the high-temperature environment needed to declusterize the analyte ions. Then, the mixture of ions and carrier gas molecules expands out of the capillary into an ion-funnel where the gas is kept at pressures from 0.1 to 3 Torr. The ion-funnel consists of 120 rings, each 500 μm thick, with 500 μm gaps between the rings. The cylindrical and converging conical parts of the funnel are 65 and 55 mm long, respectively. The external and internal diameters of the conical section are 25 and 35 mm, respectively, and the funnel outlet diameter is 2.5 mm. The pressure of the subsequent quadrupole section was kept at 0.01 Torr. As ions travel in the expanding gas plume, they first decelerate in collisions with the background gas molecules, and then diffuse toward the walls of the ion-funnel. At the same time, they are dragged toward the exit of the funnel both by the axial electrostatic field and the downstream gas flow. The ions are also partially repelled from the inner funnel surface by the applied rf field.
The schematic geometry of the numerical setup used in this work is shown in Figure 1a in a plane aligned with the inlet capillary and the ion-funnel axes. Note that a similar geometry has been utilized in earlier models of the ion-funnel [22, 23] and in earlier designs of mass spectrometers equipped with the ion-funnel atmospheric interfaces [30] . The multi-step approach covers the regions denoted by red dashed lines. First, the gas flow inside the capillary was modeled through the solution of the Navier-Stokes equations (NS model). Then, a hand-off surface generated in the near field of the plume was used as the inflow boundary condition of the subsequent DSMC simulations, which covered the entire region of the ion-funnel. The hand-off surface here presents a set of (XY) coordinate pairs, each with its corresponding macroscopic properties, extracted as a curve from the Navier-Stokes flowfield and used as a piece-wise jet inflow condition in DSMC. Here, X and Y represent the axial and the radial directions, respectively. The DSMC modeling (Boltzmann model) included the time-dependent force source term precalculated through the solution of Maxwell's equations with the boundary conditions specified in Figure 1a . Note that the frequency of rf field was varied in the calculations, as discussed in the following sections.
The simulation of gas flow inside the capillary was performed with the computational tool CFD++ [27] . CFD++ is a flexible computational fluid dynamics software suite developed by Metacomp Technologies for the solution of steady and unsteady, compressible and incompressible Navier-Stokes equations, including multi-species capability for perfect and reacting gases. CFD++ has been proven as a robust tool for complex gas dynamic flows, both external and internal [31, 32] . In this work, the turbulent Reynolds Averaged NavierStokes capability of CFD++ is applied. The simulations were conducted in an axially symmetric formulation with a second order in space, Harten, Lax, van Leer, contact discontinuity Riemann approximation algorithm. The computations used a three-equation κ-ε-R t turbulence model [33] . Implicit time integration was applied. A perfect gas model of air was used in this work as the impact of real gas effects for the temperatures under consideration are negligible. The capillary surface was assumed isothermal with a constant temperature of 500 K. Second order slip boundary conditions were applied at the wall. A symmetry condition was used at the capillary axis. A stagnation pressure-temperature boundary condition was set at the inflow boundary (an atmospheric chamber kept at 1 atm and 300 K), and a back pressure imposition was applied at the outflow (the subatmospheric chamber). Note that several pressure values in the subatmospheric chamber were tested, from 0.1 to 3 Torr. No significant changes were noticed at the M = 3 hand-off surface because of the chocked behavior of the outflow. The inflow and outflow boundaries were set sufficiently far from the capillary walls so that the Mach number obtained M<<l at the former and M>>1 at the latter. A multi-block computational grid was used with the total number of cells over 200,000. Note that solution convergence was previously verified for several grids to obtain grid independent results. The results of the capillary flow modeling with CFD++ are illustrated in Figure 1b for a subatmospheric pressure of 1 Torr. The result is a typical capillary flow with some visible but relatively minor turbulence effects in the second half. The velocity field clearly shows that the flow is choked for such a large pressure ratio.
Numerical modeling of the two-phase flow inside the ionfunnel was conducted with the DSMC solver SMILE [28] . Computations were conducted on Stampede supercomputer of XSEDE and typically required from 1 d (<1 Torr pressure cases) to 5 d (3-Torr pressure cases) on 64 cores. The computational cost generally increases as p 3 , where p is the gas pressure, due to the cell size, number of simulated molecules, and time step dependence on p, and thus modeling was limited to gas pressures lower than 3 Torr. The axially symmetric parallel capability of SMILE was used. In the past, SMILE has been extensively used to solve the Boltzmann equation, with and without the force term, and validated in a number of multidimensional problems [34] [35] [36] . The majorant frequency scheme [37] was used to calculate intermolecular interactions. The variable hard sphere model was applied to reproduce the intermolecular potential of neutral-neutral and neutral-ion collisions. Energy redistribution in molecular collisions between the rotational and translational modes was performed in accordance with the Larsen-Borgnakke model [38] , including temperature-dependent relaxation numbers. The reflection of air molecules on the surface was assumed to be diffuse with complete energy and momentum accommodation. A surface temperature of 300 K was set at the funnel walls. All surfaces were assumed to be fully adsorptive for ions.
Two types of inflow/outflow boundary conditions were used. First, the plume inflow was set at the hand-off surface of M = 3, with flow parameters precalculated from CFD++. The Maxwellian distribution for particle velocities and Boltzmann distribution for internal energies was set at that boundary. The plume was assumed to be a multispecies gas mixture, with the carrier gas species of molecular nitrogen and oxygen as the major species and ions as the trace species. The mole fraction of ions at the hand-off surface was assumed constant in the computation because of fairly high gas density and thus ion drag in that region. The ion mole fraction varied between different computations to reproduce ion currents between 0 and 30 nA. Simulations contained seven distinct ion species simultaneously. In each case, the mole fraction of each ion species at the hand-off surface was set to 1/7 of the total ion mole fraction. The seven ion species were considered in all computations presented below, and an ion current of 1 nA corresponds to the mass flow of each ion species of 8.84°10 8 •m kg/s, where m is the ion mass. The molecular properties of the seven ion species considered in this work are listed in Table 1 . Heavy masses correspond to synthetic peptides frequently used for calibration purposes.
The second type of the inflow-outflow boundary condition was a uniform stagnant flow. It was applied for the subatmospheric chamber (around the ion-funnel) with a temperature of 300 K and pressure varied from 0.1 to 3 Torr, and the quadrupole chamber, with a temperature and pressure of 300 K and 0.01 Torr, respectively. In addition to the neutral-ion collisions, the ion transport modeled in the DSMC method is influenced by three simultaneously acting forces: the electrostatic force created by a DC axial field created by the rings of the ion-funnel, the force induced by the gradient of the oscillating rf field near the ring edges, and the repulsion force exerted on individual ions by charged ion plume (space charge). The first two forces are in fact fully external, and thus may be precalculated for the subsequent incorporation to particle simulation through the force term. These two forces were computed using the COMSOL Multiphysics software package. The electrostatics and rf packages were used to set potentials and rf parameters on the appropriate metal surfaces. Once set, a two-dimensional time-dependent lookup table was generated, which gave the electric field vectors throughout the DSMC domain. That lookup table was exported and subsequently used in the DSMC modeling to apply spatially and temporally appropriate forces on the molecules through a zero order approximation in space and the first order approximation in time. The lookup table provides a specific value of the electric field vector E e (t) = (E x , E y , E z ) in each cell of a spatially uniform grid exported from COMSOL and in each time step of the DSMC simulation. Figure 1c shows an example of the electric potential field near the funnel at time 0. Here, the vertical plate at X = -0.02 m represents the 234 V potential applied to a metal backplate covering the entry to the funnel (see also Figure 1a ). Note that the rf period was discretized into 100 time intervals for using within the DSMC simulations.
In order to include the impact of space charge on ion trajectories, a package of Fortran subroutines (FISHPAK) for the solution of separable elliptic partial differential equation was used, developed at the National Center for Atmospheric Research [39] . The axially symmetric module that solves the Poisson equation was modified to be integrated with the particle transport routine of SMILE. In the DSMC simulations, the spatial distribution of the space charge induced vector of the electric field E ec was computed at each time step based on the charge density distribution. With the above three forces calculated in every cell at each time step, the change in ion velocity, v, due to the external field, E e , and the space charge, E sc , was computed as
where q and m are ion charge and mass, respectively.
Impact of Funnel Gas Pressure on Flow Inside the Funnel
In the beginning, let us consider the impact of one of the key ion-funnel parameters, the background pressure, on the gas flow inside the funnel. One can generally expect that increasing background pressure will result in a more directional plume. This is shown in Figure 2a , where the number density of nitrogen molecules expanding from the capillary is presented for two background pressures, p b . The figure also illustrates the computational domain and the funnel geometry used in the DSMC computations. Hereafter, the capillary exit plane is at X = 1 cm. For the higher pressure, p b = 1 Torr, one can clearly see the formation of the barrel shock, followed by the Mach disk. There is also noticeable amount of plume nitrogen in the side flow, near the funnel walls, located essentially outside of the plume core. The significant amount of plume molecules in that region is attributed to the reflection of the plume from the conical part of the funnel. The plume is much wider than the funnel outlet and, thus, significant part of it is reflected. Many plume molecules also penetrate through the gaps between the funnel rings. For the lower pressure of 0.1 Torr, there is no clear barrel shock or Mach disk, as the plume-background gas interaction is too viscous for them to form. The plume is much more divergent than at 1 Torr, and as the result, for the 0.1 Torr case, the plume nitrogen density near the funnel outlet is much lower, over an order of magnitude. As will be shown below, such a high plume divergence has significant implications on the ion transmission of the funnel. The impact of gas pressure on plume divergence is even better manifested in the plume nitrogen mass flow field, given in Figure 2b . The mass flow field was obtained from the cellbased product of the gas density and axial velocity. As such, it shows the plume nitrogen molecular flux in X direction. One can see that for the lower pressure case, only a few plume molecules reach funnel exit. This is in fact the combined effect of two effects. The first effect is the higher plume divergence associated with the lower background pressure, as noted above. The second effect is related to the gas-wall collisions: large number of plume molecules that diverged off the axis reflect off the funnel walls and then diffuse back to the axis in the direction opposite to the plume, thus creating an obstacle for molecules traveling downstream along the capillary axis. For the higher background pressure, the plume core flow is clearly preserved to the funnel outlet plane, resulting in a noticeable number of plume molecules passing the outlet into the low pressure quadrupole chamber (X > 12 cm).
Ion Transmission for Different Funnel Pressures
The most important property of an ion-funnel is its ability to effectively transmit ions from a capillary into the low-pressure chamber containing the multipole ion guide while restricting the neutral gas flow into that chamber. The key properties that allow one to improve the transmission are the background gas pressure and the rf parameters. Variation of the background pressure was shown in the previous section to strongly impact the plume gas properties near the funnel outlet. A lower background pressure of 0.1 Torr results in high plume divergence and low mass flow through the outlet. At pressures on the order of 1 Torr, the plume pressure is comparable to the background gas pressure, thus increasing plume focusing. A significant increase of background pressure p b >> 1 Torr (not studied in this paper) is expected to impede plume propagation because of a strong resistance by the background gas and poor plume penetration. The impact of the background pressure on type P1 ion (see Table 1 ) number density is presented in Figure 3a for a 300 kHz rf field. Consider first the lower pressure of 0.1 Torr. Comparing the ion density with plume nitrogen density (Figure 2a) , one can see that the ion plume is much less divergent than the neutral plume. There are two main reasons for this. First, and most important, the ions are accelerated along the funnel axis by the axial DC field. Second, the ions are noticeably heavier than gas molecules and, thus, tend to have lower divergence. Still, only a relatively small number of ions reach the funnel outlet; most stick at the funnel walls (note, the ions that collided with the walls are removed from the simulation). For the 1 Torr case, the lower gas plume divergence significantly increases the ion number density near the funnel outlet. There is a local maximum in the ion density off the funnel walls near the outlet, caused mostly by the rf focusing of ions toward the outlet (there is also some impact of collisions between the plume ions and gas molecules reflected off the conical section walls).
The quantitative impact of the background gas pressure on the funnel transmission is shown in Figure 3b , where the mass flow of ions that cross through the funnel exit into the lowpressure chamber is plotted versus the funnel background pressure. Here, the ion mass flow is normalized by the corresponding mass flow of ions out of the capillary nozzle and, as such, represents the funnel transmission efficiency. The normalized mass flow of zero corresponds to the case when no ions pass to the low-pressure chamber, and the mass flow of one implies that all ions from the capillary reach the mutipole. Note, the normalization, in kg/s, was 8.84 × 10 8 ion/s multiplied by the ion mass in kg. Two conclusions may be drawn from this figure. First, the funnel transmission peaks out at approximately 1.5 Torr, the balance between excessive plume divergence at lower pressures and the increasing background gas and reflected plume resistance at higher pressures. Secondly, the peak shifts to higher pressures for smaller ions, as higher pressures are necessary for better focusing of those relatively light particles under the influence of a given axial DC field. Interestingly, the funnel transmission for the double-charged ions (P7) resembles that for the single-charged ions with similar m/z (P4), although the peak shifts somewhat toward higher pressures. Note that such a pronounced maximum was observed for a relatively weak 300 kHz rf field. Increase in rf frequency to 600 kHz (not shown here) indicates that the ion transmission for P2-P7, after reaching its peak at approximately 1.5 Torr, does not noticeably change when the pressure increases to 3 Torr. Figure 3b demonstrates two different physical processes that reduce the repulsive action of the rf potential near the funnel wall. At low pressures, the ions traverse the narrow Brepulsive layer^near the inner funnel wall, induced by the gradient of the rf field, in less than one rf period, thus the impact of the rf field is limited. The effective rf trapping potential near the electrodes drops significantly at a distance d/2π, where d is the inter-electrode gap [7] . Consider, for example, d = 0.05 cm examined in this work, and ions P2 of Estimates indicate that the time t~0.4μs is about eight times shorter than the rf period T =3.3μs (f = ω/2π = 300 kHz). The adiabaticity limitation or the stability threshold for multipole rf fields is described as the condition where the amplitude of the rf-induced oscillatory motion of the ions approaching the funnel wall is less than the inter-electrode distance. It is not defined rigorously compared with that for the rf fields in a linear quadrupole, yet the estimate for the maximum radial velocity
was chosen as the indicator that the funnel operation becomes ineffective at certain radial velocities [40] . Substituting d = 0.05 cm and f = 0.3·10 6 1/s, one can find that v r < 10 4 cm/s. This estimate was derived for vacuum conditions. If we take into account collisions with residual gas at 0.5 Torr, the average radial velocity of P2 ions becomes lower (see below). Also, since the velocity v th decreases with mass as M -1/2 , one can expect that at low pressures (p < 0.5 Torr) the ion-funnel traps heavier ions more efficiently. Such a trend is seen in Figure 3b .
Let us now compare the traversing time t with the effective relaxation time [41] 
The average time t col between collisions of P2 ion with residual gas, air, can be estimated as
where n is the residual gas concentration (molecule/cm
/4 is the collision cross section between P2 ions with a collision diameter d P2 = 9.53 Å (see Table I ) and nitrogen/oxygen molecules with the average diameter d = 4.1 Å, and v is the mean relative thermal speed
for the ion-air collisions with the reduced mass
Calculating that at p = 0.5 Torr the density n = 1.77·10 16 (molecule/cm 3 ), using σ = 1.45·10 -14 cm 2 , and calculating v ≈ 5.0·10 4 cm/s, one can find that t col ≈ 0.1 μs. The relaxation time τ for P2 ions is τ = 4.2·t col ≈ 0.4 μs. Thus, the relaxation time τ is close to the above traversing time t for P2 ions moving towards the rf electrode. Once the pressure in the funnel drops below 0.5 Torr, the effective speed of P2 ions becomes higher; so the repulsive action of the rf field for P2 ions becomes weaker because of shorter time for P2 ions to traverse the Brepulsive layer^(note, the traversing time should be equal or greater than the period of rf oscillations). On the other hand, the relaxation time at 3 Torr becomes τ = 0.067 μs, and during a half period (1.65 μs) of the rf field oscillation, P2 ions are stopped and reaccelerated approximately 25 times, so that their motion resembles the stop-and-go motion in ion mobility experiments. Averaged over one period, the total displacement in the rf field becomes close to zero, the trapping becomes again ineffective, and the ions are lost on the electrodes because of diffusion, space charge effect, and the aerodynamic drag. The parameter that governs the ion trapping in the rf pseudopotential at adiabatic conditions [41] is
It is defined as the ratio of the effective rf barrier U RF in collisional regime to the barrier U RF0 calculated for collisionless conditions:
One can see that for P2 ions at 3 Torr, γ = 0.017, f = 0.3·10 6 1/s the effective RF barrier is at least 50-fold lower than the maximum possible. So, this estimate demonstrates that for the ions to be efficiently trapped at 3-5 Torr pressure, one needs to use much higher rf frequencies (e.g., 1-1.5 MHz). With increasing collisional cross section for heavy ions (M>>m nitr ), τ becomes proportional to M/σ (n is fixed). For heavy ions, the shape of which is approximately spherical (i.e., ions of proteins), one can assume that the cross section σ is proportional to
. The coefficient γ = ω 2 τ 2 for small ωτ (in case of high collision rates), and thus the effective rf barrier for low rf frequencies is proportional to 1/M 1/3 . For ion species with the linear chain structure, M and σ change proportionally, so effective barrier U RF~1 /M. Then, if one considers ions of a particular mass M transmitted through the ion-funnel operating at constant frequency f and at some pressure p, the increase in pressure leads to a disproportionally larger reduction in transmission due to the relation
This effect is manifested in the transmission of P3-P6 ions at pressures p = 2 Torr and p = 3 Torr. Because the effective potential U trap is proportional to the charge state q, the decrease in the transmission of double-charged ions (P7) is less pronounced at these pressures. Therefore, to ensure operation of a funnel with a 0.1 cm inter-electrode spacing (metal electrode thickness is 0.05 cm and the gap is 0.05 cm) over large range of masses and pressures of 3-10 Torr, an increase in rf frequency to 1-2 MHz is necessary.
rf Influence on Ion Properties and Ion Transmission
Background funnel pressures on the order of 1 Torr were shown to provide optimum conditions for the ion transmission from the capillary nozzle through the funnel to the low-vacuum chamber with rf multipole, therefore, a pressure of 1 Torr was used in what follows to study the impact of the rf on the funnel efficiency. The mole fraction fields of P1 ions are presented for three different frequencies: 200, 400, and 600 kHz. Here, the mole fraction is normalized by the value at the capillary exit and Y = 0 -in this case, it is 3.4 × 10 -12 . Note that the normalization factor is different from the hand-off surface based value 1/8.84 × 10 8 used earlier, since the density at the capillary exit is significantly larger than that at the starting surface. The rf value changes the ion fraction only in the converging part of the funnel, in the region where the plume begins to interact with the funnel walls. One can see that the funnel transmission improves with the frequency as the rf field provides better repulsion of the ions from the inner wall of the funnel, effectively focusing the ions into the small orifice at the exit. For the weakest confining field created by 200 kHz rf (100 V peak to peak), there is no visible ion focusing: the ion mole fraction slowly decreases downstream from the capillary nozzle as the plume diverges and then most ions are lost on the funnel wall as the rf field strength is not sufficient for their repulsion. For a case where the funnel is driven by 600 kHz rf, the ions are largely repelled from the walls and directed toward the funnel exit by both the axial field and the gas flow driven by the pressure difference between the funnel exit and the lowvacuum chamber.
Qualitatively, a similar pattern of increasing funnel efficiency with the rf is observed for heavier ions, shown in Figure 4b for P5. However, there are differences between transmission of P1 and P5 species that need to be mentioned. The heavier ions are characterized by a somewhat broader plume, which emerges, to a large degree, because of a smaller effect from the axial DC field on the ions with larger m/z values, but also because of the relatively weaker influence of aerodynamic drag on heavier particles. From Figure 4a and b, it is also clear that the rf confining is more efficient for heavier ion species P5 compared with P1. For P5, even a 200 kHz rf field produces noticeable focusing of the ions toward the funnel exit. Figure 4b shows that there are local maxima in P5 ion mole fraction in the vicinity of the wall of the converging part of the funnel, which is due to the interaction of ions with the rf field, and the repulsion of ions by the rf. The local maxima are thus created by the interaction of these reflected ions with the incoming plume molecules. Interestingly, the increase in frequency past 400 kHz results in a somewhat larger divergence of ions off the axis nearby and downstream of the funnel exit (although, as it will be shown, both 400 and 600 kHz funnels have 100% transmission efficiency for that case). This is related to the more pronounced Blens effect^of the rf field in radial direction at higher frequencies, especially near the funnel exit. Note that higher divergence of ions in the low-pressure chamber at higher frequency may decrease the overall ion transmission because of limited acceptance angle of the multipoles.
Detailed data on ion loss because of collisions with the funnel walls are given in Figure 5a . In this figure the mass flow of P1 ions along the funnel is presented for several rf. The mass flow for each axial plane was integrated over the radial direction, and normalized by the corresponding value at the capillary exit. The results strongly suggest what was qualitatively shown earlier: the ions are not lost in the upstream 75% of the funnel. Instead, collisions with the walls of the conical section of the funnel start to precipitate a decrease in ion flux. The sharp decrease sets from the point where the outer part of the plume interacts with the wall, down to the funnel exit. The ion flux is the same at some distance from the funnel exit (X > 12.0 cm), apart from some minor fluctuations due to statistical scatter inherent in the DSMC method.
Consider now the impact of the rf on the funnel transmission efficiency. The normalized mass flow of different ions through the funnel outlet versus the rf is plotted in Figure 5b . The figure shows that for ions heavier than P1, the efficiency quickly rises to its maximum as the frequency increases from 200 to 400 kHz. This is true for both double-and single-charged ions, and the difference between the charge states (same m/z) is minor. For P1, however, the gradual increase in the rf produces much slower increase in transmission, and even at 1.2 MHz the full transmission has not yet been achieved. The inferior transmission of ions with smallest m/z is certainly related to the combined effect of rf and DC fields. A strong acceleration in axial direction by DC field accelerates the ions with small m/z towards the funnel wall and the low frequency rf field lacks the necessary strength to repulse these ions to the funnel axis.
The impact of m/z on the ion transmission is further demonstrated in Figure 5c for three values of the rf. The results also show strong correlation between the transmission and the rf. A use of 400-kHz rf field results in a 100% transmission efficiency of all ions with m/z > 500, although a 200-KHz rf field is not capable of focusing any ion species under consideration. Note also that the difference between the single-and double-charged ions with similar m/z values is rather minor.
Impact of Space Charge on Funnel Efficiency
All above results were obtained for a relatively small ion current of 1 nA, when the impact of repulsive space charge forces on the ion trajectories is expected to be small. Let us now consider ion currents larger than 1 nA and evaluate when the impact of the space charge forces becomes significant. In the computations presented below, the individual initial concentrations of all ion species (the concentrations set at the hand-off surface) were equal for a given total ion current (1/7th), but their values proportionally increased with the total current. The mole fraction fields of P1 ions normalized by the corresponding values at the capillary nozzle are presented in Figure 6a for a background pressure of 1 Torr and a 300 kHz rf. The effect of increasing number of ions in the plume comes into play at total ion currents greater than 3 nA. The space charge is manifested in the increased divergence of ions in the plume. The effect is especially pronounced for 30 nA, where the divergence angle increases several-fold. The large plume divergence strongly decreases the number of ions with small m/z that reach the funnel exit; for instance, the total loss of P1 ions on the funnel walls increases approximately by a factor of 100 when the ion current increases from 3 to 30 nA.
Let us now consider the impact of the ion current on the P5 species mole fraction. As illustrated in Figure 6b , the effect of increase in the ion current in this case is much smaller. One can see that an order of magnitude increase in m/z, from 118 for P1 to 1470 for P5, nearly proportionally reduces the influence of the space charge. The influence of space charge on the plume inside the funnel is minor at 10 nA, and becomes considerable only at 30 nA. In this case, the plume is somewhat broader, causing stronger interaction of the ions with the funnel walls. It is interesting to note a visibly larger divergence of the flow downstream from the funnel exit (the expansion into the low pressure chamber with multipole). The is mostly related to the low carrier gas pressure in that region, and therefore lower impact of the aerodynamic drag, which in turn increases the contribution of the space charge. For 30 nA current, the maximum divergence angle in the low pressure chamber reaches 45°, which will certainly degrade the transmission efficiency of the ions through the multipole system compared with the case of lower ion currents.
Finally, the funnel transmission for different ion species is presented in Figure 6c as a function of the ion current. The results clearly show a strong dependence of the transmission efficiency on m/z. For the ions with the largest m/z (P6), the transmission is near its maximum for ion currents as high as 30 nA, which indicates that for such heavy ions, the rf focusing is more important than the space charge repulsion. At the same time, the transmission of P2 ions degrades by over an order of magnitude when the ion current increases from 1 to 30 nA. Comparing the single-and double-charged ions with almost identical m/z, P4 and P7, one can see that although close, the transmission of P4 is consistently higher than P7 because of the aerodynamic drag effect (the total collision cross section for ion neutral collisions is about 50% larger for P7).
Conclusions
Gas and ion transport through an ion-funnel is studied numerically using a combined continuum/kinetic approach. The computation starts by modeling the gas flow in a flow restrictor, a 10-cm long heated capillary with 0.5 mm i.d. that connects the atmospheric pressure section with the subatmospheric ionfunnel section. The capillary flow is modeled using the CFD++ tool that solves Reynolds-averaged Navier-Stokes equations in the domain that includes the capillary along with the parts of the atmospheric and subatmospheric chambers. The Navier-Stokes solution is used to set the boundary conditions for the subsequent DSMC computations of the gas and ion flow inside the funnel. A DSMC code SMILE, which statistically solves the full Boltzmann equation, was applied for that purpose. The SMILE code was extended to include the force term from (1) the DC field, (2) the rf field, and (3) the space charge. The spatial properties of (1) and spatial-temporal properties of (2) were pre-computed with COMSOL computational solver. The contribution from (3) was evaluated during the DSMC modeling using FISHPAK libraries added to SMILE.
The multi-parametric study included the variation of the key properties that impact the ion transmission efficiency, which is the fraction of ions that pass through the ion-funnel and reach the low-pressure quadrupole section. The background gas pressure in the ion-funnel section was varied between 0.1 and 3 Torr, the ion current was changed between 1 and 30 nA, and the frequency of the 100 V rf field was increased from 0.2 to 1.2 MHz. All computations included seven ion species, single-and doublecharged, with m/z between 118 and 2100. The numerical analyses have shown that the funnel transmission reaches it maximum at approximately 1.2-1.5 Torr, with the maximum shifting toward lower pressures as the m/z ratio increases. Increasing the rf expectedly improves the transmission, although the transmission weakly depends on m/z for m/z > 500, for which the funnel efficiency is near its maximum for frequencies larger than 400 kHz. Although the transmission strongly depends on m/z, the dependence on z is fairly weak. Finally, the funnel efficiency is very sensitive to the total ion current for smaller ions, whereas for large ions that dependence is not significant.
The application of the presented multistep approach to model systems that comprise the high-pressure (up to 30 Torr) funnel connected to differentially pumped chamber with the low-pressure funnel [42] (1-2 Torr), is also possible. Note that the DSMC approach becomes prohibitively time consuming for funnel pressures larger than 3 Torr. Nevertheless, Figure 6 . (a) Normalized mole fraction of P1 species for different ion currents; 300 kHz rf, 1 Torr. (b) Normalized mole fraction of P5 ions for different ion currents; 300 kHz rf, 1 Torr. (c) Ion transmission through the funnel for different ion currents; 300 kHz, 100 V rf, 1 Torr alternative particle approaches [43] as well as related methods that extend the applicability of DSMC to higher pressures can be used to extend the calculation of the ion transmission in funnels to pressures as high as 50 Torr. An additional complex task is the realistic modeling of the ion trapping performed in a Bkeyhole^1-3 Torr pressure ion-funnel equipped with a pair of grids [44] at different ion fluxes, background pressures, trap geometries, as well as DC and rf fields. Finally, the developed approach can be further extended to model the ion transmission through the multipole rf guide that follows the ion-funnel where the gas jet from the 1-2 Torr funnel expands into the chamber kept at pressure below 0.1 Torr. The ultimate goal would be to numerically model the ion transmission across the entire mass spectrometer, from the atmospheric ion source to the high-vacuum mass analyzer. Note in this respect that an important effect, not considered in the present work, is ion declustering, which may occur not only in the capillary, as implicitly assumed in the present work, but also in the sections downstream of the capillary, such as the ion-funnel. The declustering, as well as the vibrational excitation of the ions and their dissociation, both caused by collisions with carrier gas molecules, are strongly impacted by the imposed electric fields, and in turn influence the resulting current, and thus need to be accounted for in a comprehensive API-MS model.
